Abstract: We report a broadband 1 Â N microwave photonic splitter (MPS) with arbitrary amplitude ratio and phase shift. The key devices used in the MPS are a polarization modulator (PolM), an optical bandpass filter (OBPF), polarization controllers (PCs), and polarizers (Pols). The cascaded PolM and OBPF generate an orthogonally polarized single-sideband modulated optical signal. The phase difference between the two orthogonal components and the state of polarization of the optical signal can be adjusted by the PC independently. After the polarization-to-intensity modulation conversion by the Pol, the microwave is recovered in the PD. The amplitude and phase of the microwave signal can be independently tuned by adjusting the three plates of the PC. The proposed MPS is theoretically analyzed and experimentally verified. Broadband MPS with bandwidth from 8 to 40 GHz is successfully achieved. In addition, we apply the proposed MPS to a two-tap microwave photonic filter (MPF). The notch position and depth of the MPF are tunable by adjusting the phase shift and amplitude ratio between the two optical branches, respectively.
Introduction
Microwave photonics (MWP) has been considered as a promising technique that brings together radio-frequency engineering and photonics which makes it possible to overcome the electronic bottleneck in pure microwave systems. The key advantages of MWP link over pure electronic system are wide bandwidth, low loss, reduced size, light weight, and immunity to electromagnetic interference. These unprecedented features have attracted great attentions from both the research community and industrial community.
Over the past 30 years, photonic-assisted microwave signal generation, dissemination, processing and detection have been widely investigated [1] , [2] . Recently, 1 Â 2 microwave photonic splitter (MPS) with arbitrary amplitude and relative phase offset between the two outputs has been reported [3] . Many applications can benefit from the MPS that has large instantaneous bandwidth, such as multi-tap microwave photonic filters (MPFs), complex microwave signal detection in radars, and analog encryption in RF signal dissemination systems [4] - [6] . Actually, broadband microwave photonic phase shifters with arbitrary phase shift have already been reported in many literatures [7] - [14] . In [7] , the microwave photonic phase shifter was realized using stimulated Brillouin scattering (SBS) in optical fiber. Both the SBS-induced amplification and attenuation are applied to the optical carrier. As a result, the amplitude of the optical carrier is constant because the amplification and attenuation cancel each other out perfectly. However, the phase shift imposed on the optical carrier is doubled. This phase shift is mapped to the microwave signal after photodetection. We have also demonstrate microwave photonic phase shift based on nonlinear polarization rotation (NPR) in a highly nonlinear fiber (HNLF) [8] . A tunable phase difference is introduced between the optical carrier and one of the first-order sidebands. After photodetection, microwave signal with full 360 phase shift is achieved. In other literatures, microwave photonic phase shifters have been demonstrated based on slow light in semiconductor amplifier (SOA) [9] , vector sum technique [10] , 2-D array of liquid crystal on silicon pixels [11] , wavelength conversion in semiconductor laser [12] , polarization modulator (PolM) [13] or dual-parallel Mach-Zehnder modulator (DPMZM) [14] . The previously reported microwave photonic phase shifters can realize phase shift of the microwave signal with fixed amplitude [7] - [14] . In order to tune the amplitude of the microwave signal, optical attenuators have to be involved, which increases the complexity of the system.
It is worth noticing that the 1 Â 2 MPS reported in [3] requires two independent laser diodes (LDs) with different wavelengths. In order to expand the 1 Â 2 MPS to a 1 Â N MPS, N LDs are needed, which makes the MPS bulky and expensive. The use of DPMZM in [3] suffers from large insertion loss, complicated bias control, and bias drifting problem. Moreover, this configuration can only achieve a relative phase shift between the two outputs of the 1 Â 2 MPS. The absolute phase shift for each output cannot be independently tuned, which makes it hard to realize a 1 Â N MPS.
In this paper, we propose a broadband 1 Â N MPS with independent control of the amplitude ratio and phase shift. Compared with the method reported in [3] , the absolute phase shift for each branch is independently tunable, which makes it possible to expand the system to a 1 Â N MPS. Moreover, the 1 Â N MPS is easily realized by optical power splitting, which is cost effective. The key components in our MPS is a PolM, an optical bandpass filter (OBPF), polarization controllers (PCs) and a polarizers (Pols). An orthogonally polarized single-sideband (SSB) modulated optical signal is produced by cascading the PolM and the OBPF. The PC is used to introduce a tunable phase difference between the two orthogonal components of the SSB modulated optical signal and to rotate its SOP independently. After detecting by a photodetector (PD), the microwave signal is recovered. The amplitude and phase of the microwave signal is independently tunable by adjusting the three plates of the PC. A proof-of-concept experiment was carried out. Broadband MPS with bandwidth from 8 to 40 GHz has been successfully achieved. Moreover, the proposed MPS has been applied to a two-tap MPF. The notch position of the MPF is continuously tunable without changing its shape and free spectrum range (FSR) by adjusting the phase shift between two outputs of the MPS. Moreover, the notch depth of the MPF is also adjustable by tuning the amplitude ratio between the two outputs of the MPS.
Principle
The schematic diagram of the proposed 1 Â N MPS is shown in Fig. 1 . It consists of a laser diode (LD), a PolM, an OBPF, a star coupler, PCs, Pols, and PDs. The PolM is driven by the microwave signal to be split. Under small-signal modulation condition, an optical carrier and two first-order sidebands are generated at the output of the PolM. Moreover, the SOPs of the optical carrier and sidebands are orthogonally polarized. Afterwards, an OBPF is used to remove one of the sidebands to realize SSB modulation. This optical signal is split into N branches by a star coupler to perform optical signal splitting. For each branch, a PC and a Pol are cascaded to realize polarization-to-intensity modulation conversion. The microwave signal is recovered in the PD. The amplitude and phase of the microwave signal can be independently adjusted by tuning the three plates of the PC, which will be clear in the following analysis.
The PolM is a special phase modulator which performs phase modulation at both TE and TM modes with opposite phase modulation indices. A pol is placed in front of the PolM with an angle of 45 to one of its principal axes. The electrical field at the output of the PolM is given by
where 0 is the angular frequency of the optical carrier. is the phase modulation index of the PolM that is given by ¼ V m =V , V is the half-wave voltage of the PolM. V m and ! m is the amplitude and angular frequency of the microwave signal applied to the PolM, respectively. ' 0 is the phase difference between the SOPs of E x and E y , which is controlled by the bias voltage of the PolM. Applying the Jacobi-Anger expansion to (1) and assuming small-signal modulation condition, i.e., only the optical carrier and the first order sidebands are considered, we have
where J n ðÁÞ (n ¼ 0 AE 1,) is the Bessel function of the first kind of order n. In deriving (2), we assume ' 0 ¼ 0. It is noted that the optical carrier and sidebands are polarized at 45 and À45
relative to the E x axis of the PolM, respectively [8] , [15] . Thus, Eq. (2) can be rewritten as
In order to realize one-to-one mapping between the optical signal and microwave signal, one of the optical sidebands is removed using an OBPF. If the optical sideband at the higher frequency is removed, the optical field at the output of the OBPF is given by
As can be seen, orthogonally polarized SSB modulated optical signal is generated [8] . After splitting by a star coupler, this optical signal is split into N branches with the same optical power. For each branches, a PC and a Pol are cascaded to realize polarization-to-intensity modulation conversion. In the proposed system, the PC plays an important role. The PC consists of three birefringence components, a quarter-wave, a half-wave, and a quarter-wave plates [16] . It can be used to convert any input SOP into any other output SOP by jointly tuning the three plates. The transfer function of the PC can be expressed as [16] * Pð; Þ ¼ cos Àsin sin cos where is the rotation angle, is the phase difference between the two orthogonal SOPs generated by the PC. In our MPS, the optical field at the output of the PC is thus given by
The Pol is used to project the orthogonally polarized SSB modulated signal onto a linear polarization state. The optical field at the output of the Pol can be expressed as
After detecting by the PD, the microwave current is proportional to
As can be seen from (8), the amplitude and phase of the microwave signal can be adjusted independently by tuning the PC. Since the amplitude and phase shift for each branch can be separately tuned, the amplitude ratio and phase shift of the MPS is therefore arbitrarily adjusted.
Experiments and Results
We also carried out experiments to verify the feasibility of the proposed MPS. Firstly, we checked a single branch to show the independent tuning of the amplitude and phase of the microwave signal. An optical carrier emitted at 1549.7 nm from a LD was coupled to a PolM via a polarization maintaining fiber. A polarizer integrated at the input of the PolM is aligned with an angle of 45 to one of the principal axes of the PolM. The PolM has a bandwidth of 40 GHz. A tunable OBPF was attached after the PolM to realize SSB modulation. The OBPF has a bandwidth of 650 pm and a roll-off edge of 800 dB/nm. The measured optical spectra of the SSB modulated signal is shown in Fig. 2 . The microwave signals driven to the PolM are 8, 20, 30, and 40 GHz, respectively. The undesired first-order sidebands are suppressed by more than 29 dB for microwave signal from 8 to 40 GHz. The transmission response of the OBPF is also shown in Fig. 2 .
After polarization-to-intensity modulation conversion by the Pol, the optical signal was detected by the PD which has a bandwidth of $38 GHz. As discussed in Section 2, the amplitude and phase shift of the microwave signal can be independently adjusted by tuning the PC. In order to show the broadband operation of the MPS, the PolM was driven by a frequency-swept microwave signal from a vector network analyzer (VNA). The output signal from the PD was then fed to the VNA to measure the magnitude and phase response of the MPS. Fig. 3 shows the phase tuning of the MPS when the amplitude of the microwave signal is kept unchanged. As can be seen from Fig. 3(a) , the phase of the microwave signal is continuously tuned from À180 to 180 when the amplitude of the microwave signal is kept unchanged [13] . Flat phase response is obtained for microwave signal from 8 to 40 GHz. The lower frequency boundary is determined by the roll-off edge of the OBPF. The power variation of the microwave signal is kept within AE1 dB when the phase of the microwave signal is arbitrarily tuned. The insertion loss of the MPS for the single branches condition is around 0 dB, which is related to the gain (26 dB) of the electrical amplifier (EA), the conversion efficiency of the PD, the loss of the PolM, the OBPF, the PC and the pol.
On the other hand, the amplitude of the microwave signal is also independently tunable by adjusting the PC. Fig. 4 shows the amplitude tunability of the microwave signal when the phase of the microwave signal is kept unchanged. The amplitude of the broadband microwave signal is continuously tuned from 0 to À17 dB when the phase of the microwave signal is kept around AE10
. As can be seen from Fig. 4(a) , there are some ripples observed at higher frequency, which can be attributed to the limited bandwidth of the EA (40 kHz-38 GHz) used in our experiment.
Finally, we applied the proposed MPS to a MPF. A two-tap MPF was constructed as shown in Fig. 5 . In order to realize interference between the microwave signals from different branches. The two branches of the MPS share the same PD. Moreover, a polarization beam combiner (PBC) was used to couple the two branches of the MPS to the same PD. The two-tap MPF is the summation of the two branches of the MPS. Thus, the transmission response of the two-tap MPF is given by
where a 1 and a 2 are the amplitude of the microwave signals from two branches, respectively. 1 and 2 are the phase shift of the microwave signals from two branches, respectively. ¼ a 2 =a 1 is the amplitude ratio between the two branches, and Á ¼ 1 À 2 is the phase difference between the two branches. T 0 is a basic time delay introduced by the optical delay line (ODL) between the two optical branches. As can be seen from Eq. (9), the transmission response of the MPF is continuously tunable by adjusting the phase shift between the two branches, Á . Moreover, the notch depth of the MPF can be controlled by the amplitude ratio of the MPS. An experiment was conducted based on the experimental setup shown in Fig. 5 . The ODL introduced a time delay of 128 ps to the two-tap MPF, corresponding to a free spectrum range (FSR) of the MPF of 7.8 GHz. Fig. 6(a) shows the tuning of the notch position of the MPF by adjusting Á when the amplitude ratio between the two branches is fixed, i.e., ¼ 1. As can be seen from Fig. 6(a) , the notch position of the MPF is tunable without changing the shape and FSR of the MPF when Á is 40 , À70 , and À180 , respectively. The suppression ratio of the MPF is around 30 dB, which is related to the amplitude ratio of the MPS, i.e., . In principle, the suppression ratio of the MPF can be infinite for ¼ 1. However, it is hard to realize ¼ 1 in the real-world system. For a fixed phase shift between the two branches, the notch depth of the MPF is adjustable by tuning , while the notch position is kept unchanged, as shown in Fig. 6(b) . 
Conclusion
We have demonstrated a broadband 1 Â N MPS with arbitrary amplitude ratio and phase shift. The key components are a PolM, an OBPF, a PC and a Pol. By adjusting the three plates of the PC, the amplitude ratio and phase shift of the MPS can be separately tuned. A proof-of-concept experiment was carried out to show the feasibility of the proposed MPS. Arbitrary and separate tuning of the amplitude ratio and phase shift of the microwave signal has been confirmed. In addition, the proposed MPS has been successfully applied to a two-tap notch MPF. The notch position and depth of the MPF is tunable by adjusting the phase shift and amplitude ratio between the two optical branches, respectively.
In our scheme, the amplitude and phase adjustment is realized by tuning the PC. The PC can be placed at the remote location, which makes it possible to transmit the microwave signal over long-distance optical fiber with low loss. Since polarization sensitive elements, e.g., PC and pol, were used in our scheme, the proposed system is sensitive to the environmental variations. In real-world applications, polarization state monitor and feed-back control might be required.
